SUMO (small ubiquitin-related modifier)-specific proteases catalyse the maturation and de-conjugation processes of the sumoylation pathway and modulate various cellular responses including nuclear metabolism and cell cycle progression. The active-site cysteine residue is conserved among all known SUMO-specific proteases and is not substitutable by serine in the hydrolysis reactions demonstrated previously in yeast. We report here that the catalytic domain of human protease SENP1 (SUMO-specific protease 1) mutant SENP1C
INTRODUCTION
SUMO (small ubiquitin-related modifier) is a member of the ubiquitin-like protein family that regulates the cellular function of a variety of target proteins in all eukaryotic organisms. In contrast with ubiquitination, which contributes to regulation of apoptosis, the biological consequences of SUMO modification include nuclear targeting, formation of subnuclear structures, regulation of transcriptional activities and control of protein stability [1, 2] . In recent years, many SUMO substrates have been identified in human and yeast using proteomic strategies [3, 4] . These new substrates have furthered our understanding of sumoylation as an important post-translational modification in a diverse array of biological processes. There is increasing evidence to show that sumoylation is able to affect or be affected by other post-translational modifications such as phosphorylation and ubiquitination [5] [6] [7] [8] .
SUMOs are highly conserved in all species, from yeast to human. In vertebrates, there are three SUMO family members, namely, SUMO-1, -2 and -3, whereas in invertebrates there is only a single SUMO gene [9] . Recently, another SUMO member, SUMO-4, has been identified in humans [10] , which has been characterized in the maturation process [11] . SUMO proteins are expressed in their precursor forms and SUMO-specific proteases catalyse the maturation process to expose the C-terminal Gly-Gly motif. SENP1 (SUMO-specific protease 1) and SENP2 manifest distinct maturation efficiencies for different SUMOs [12, 13] . Like the ubiquitination system, SUMO is activated by the E1 enzyme (which in yeast is composed of the heterodimer of Uba2 and Aos1), transferred to E2 (Ubc9) and conjugated to its substrates with the help of E3-like enzymes [1, 2] . Interestingly, an unusual adenoviral protein, Gam1, has been demonstrated to interfere with the activity of E1 and abrogate the SUMO conjugation reaction [14] . In a reversible reaction, SUMO proteases are able to de-conjugate SUMO from its substrates to regulate the level of sumoylation [13, 15] .
To date, seven SUMO specific proteases have been identified in humans, which have been designated SENP1-7. All seven proteases possess a conserved C-terminal domain, although these are variable in size and a distinct N-terminal domain. The Cterminal domain exhibits catalytic activity, while the N-terminal domain regulates cellular localization and substrate specificity [16, 17] . The crystal structures of the catalytic domains of SENP2 and the SENP2-SUMO-1 complex from humans and Ulp1-SMT3 complex from yeast have been elucidated [13, 18] . These structures showed that the active sites of the SUMOspecific proteases resemble those of other cysteine proteases. The nucleophilic active-site cysteine is co-ordinated by a general base histidine residue, which is in turn stabilized by an aspartate residue [13] . A comparison of SENP2 with the SENP2-SUMO-1 complex revealed that SENP2 undergoes local structural rearrangements in response to SUMO-1 binding [13] . Whether all the structural rearrangements occur before or after cleavage of the peptide bond, to facilitate the hydrolysis reaction or to release SUMO, is still not clear.
To gain a better insight into the molecular basis of maturation and de-conjugation processes catalysed by SENP1, we have determined the X-ray structure of a complex between SENP1C (SENP1 catalytic domain; residues 427-644) mutated at C603S and matured SUMO-1, at 2.8 Å (1 Å = 0.1 nm) resolution. The structure shows that the mutant protease does not possess any hydrolytic activity because the substituted serine residue does not undergo any local structural rearrangements at the active site as observed in the SENP2-SUMO-1 complex [13] . This suggests that SUMO proteases require a self-conformational change prior to the cleavage reaction. Analysis of the interface of SENP1 and SUMO-1 has identified four unique amino acids in SENP1 that facilitate the interaction between SENP1 and SUMO-1. In addition to the structural study, functional characteristitcs of SENP1 have been analysed. In the present report, we show a novel function of SENP1 in hydrolysing the thioester bond in E1-SUMO and E2-SUMO complexes. This result suggests a new regulatory mechanism for the sumoylation pathway. Failure of SENP1C C603S in the maturation, de-sumoylation and cleavage of thioester linkage implies that the position of the sulphur atom of the active cysteine has to be re-orientated.
MATERIALS AND METHODS

Protein preparation
SENP1C and the precursor form of SUMO-1 (residues 1-101), were prepared as described previously [12] . For SENP1C C603S , the mutation C603S was introduced by PCR using the QuikChange ® site-directed mutagenesis kit (Stratagene) and purified using the same procedure for wild-type SENP1 [12] . E1 conjugating ligase was expressed as a GST (glutathione S-transferase)-Uba2/ Aos1 fusion protein. pGEX-Uba2/Aos1 clone was obtained from Professor Ron Hay (University of Dundee, Dundee, U.K.) and purified by glutathione-Sepharose affinity chromatography and Superdex TM 200 gel-filtration (GE Healthcare). The E2 conjugating ligase, TDG (thymine DNA glycosylase; residues 112-360) was obtained from Dr Jane Wibley (Syngenta, Bracknell, U.K.) and Professor Laurence Pearl (Institute of Cancer Research, London, U.K.). Mature forms of SUMO-1 and SUMO-3 were expressed as N-terminal His 6 -tag fusion proteins and purified by nickel affinity chromatography and Superdex TM 75 gel-filtration (GE Healthcare). For the crystallization experiment, His 6 -tagged truncated mature SUMO-1 (residues 20-97) was cloned and purified using the protocol as described above for the precursor form.
In vitro activity assays
TDG sumoylation reaction was performed by incubating TDG with E1, E2 and mature SUMO-1 or -3 at 37
• C for 30 min with 10 mM ATP. The hydrolytic activity was investigated by incubating SENP1C or SENP1C C603S with sumoylated TDG, prematured SUMO or thioester linked E1-SUMO and E2-SUMO under normal conditions (20 mM Tris/HCl, pH7.5 and 150 mM NaCl). All reactions were terminated by adding 5× protein loading dye [10 % (w/v) SDS] and the reaction products were subjected to SDS/PAGE (12 % gels) analysis and visualised with Coomassie Blue staining.
Purification and crystallization of SENP1C
C603S -SUMO-1 complex Purified SENP1C C603S was incubated with His 6 -tagged SUMO-1 (residues 20-97) at 4
• C for 1 h. SENP1C C603S -SUMO-1 complex was purified using a nickel-agarose column, followed by size exclusion on a Superdex TM 75 column in buffer containing 10 mM Tris/HCl, pH 7.5 and 150 mM NaCl, to remove unbound SENP1C and SUMO-1. Initial crystallization screens were performed at 5 mg/ml with a microbatch method using Wizard screens I and II (Emerald Biosystems). Crystals grew after 3 days in a crystallization buffer {0.1 M Caps [3-(cyclohexylamino) Values in parentheses are for the last resolution shell. R merge = ( h j| I(h) − I(h)j|/ h j I(h) ), where I(h) is the mean intensity of symmetry-equivalent reflections and I(h)j is the measured intensity of the j n symmetry-related reflection. R-value = ||F obs | − |F calc ||/ |F obs |, where F obs and F calc are the observed and calculated structure factors, respectively. Distribution of the residues in the most favoured/additionally allowed regions of the Ramachandran plot was evaluated by PROCHECK [26] . (pH 7.5), 150 mM NaCl, 1 mM dithiothreitol and 0.5 mM EDTA] with precipitant containing 0.1 M Caps, pH 10.5, and a range of 30-40 % PEG 400 using the hanging drop vapour diffusion procedure.
Data collection and structure determination
A 2.8 Å X-ray data set was collected at 100 K using a Rigaku MicroMax 007 X-ray generator (Centre for Protein Science and Crystallography, The Chinese University of Hong Kong, Hong Kong) and recorded on a R-AXIS IV++ image plate (Rigaku). The crystallization buffer used was a cryoprotectant. Images were processed using MOSFLM [19] , and scaled and reduced with SCALA (scale together multiple observations of reflections) from the CCP4 suite [20] . The protein complex crystallized in spacegroup P43, using the unit cell parameters: a = 97.31 Å, b = 97.31 Å, c = 102.58 Å, α = 90
• , β = 90 • and γ = 90
• . There were two complexes per asymmetric unit with a solvent content of approx. 57 %. Statistics for the collected data are summarized in Table 1 .
The structure was solved by molecular replacement using a molecule of SENP2-SUMO-1 (PDB ID code 1TGZ) [13] as a search model. The molecular replacement program in the CNS (crystallography and NMR system) was used with data in the resolution range 30-2.8 Å. After rigid-body refinement, the R-and R free -factors of the initial solution were 39.9 and 39.5 % respectively. It was followed by simulated annealing and positional refinements. Model building and refinement was performed using O [21] and CNS [22] with non-crystallographic symmetry restraints. Density modification and 2-fold map averaging were applied. The electron density maps from DM (2F o − F c ) and (F o − F c ) calculations were used for model building. The final model contained residues 439-644 of SENP1 and residues 20-97 of SUMO-1, in both complexes 54 water molecules with R-factor values of 24.8 % and R free -factor values of 27.8 % were observed. Co-ordinates have been deposited in the Protein Data Bank (PDB ID 2G4D).
RESULTS AND DISCUSSION
Replacement of the active-site cysteine residue with serine in human SENP1 abolishes its hydrolytic activity for maturation and de-sumoylation
SENPs play a role in both maturation and SUMO de-conjugation in the sumoylation pathway [12, 13] . SENP1 exhibits hydrolytic activity in both maturation in vitro [12] and de-sumoylation in vivo [23] . Activity assays of the purified recombinant SUMO proteases showed that SENP1C, but not mutant SENP1C C603S , was active in both desumoylation of SUMO-1 conjugated TDG (Figure 1a , lanes 1-3) and maturation of SUMO-1 (Figure 1b) . The same phenomenon was observed in the SUMO-3 de-conjugation reactions ( Figure 1a , lanes [4] [5] [6] . No cleavage product was observed even in the presence of a high molar ratio (1:1, v/v) of SENP1C C603S to substrates, indicating that substitution of cysteine at the active site of human SENP1C completely abolishes its catalytic activity. This result is consistent with the structural analysis of the Ulp1-SMT3 complex and mutagenesis of Ulp1 in yeast [18] .
SENP1 is able to hydrolyse the thioester linkage in E1-SUMO and E2-SUMO complexes
To further characterize the biochemical activity of SENP1 in the sumoylation pathway, cleavage of the thioester linkage formed during SUMO activation was examined. When E1 was incubated with matured SUMO-1 in the presence of ATP, but not E2, a protein band corresponding to the ATP-dependent thioester complex Uba2-SUMO-1 was observed (Figure 2a, lane 2) . This band disappeared after incubation with SENP1C, demonstrating that SENP1C displayed activity in thioester cleavage (Figure 2a,  lane 3) . Incubation of SUMO-3 instead of SUMO-1 also induced the formation of the thioester complex Uba2-SUMO-3, which could again be hydrolysed by the addition of SENP1C (Figure 2a,  lanes 6 and 7) . However, SENP1C
C603S did not exhibit any activity toward the thioester cleavage for either SUMO-1 or -3 ( Figure 2a , lanes 4 and 8 respectively).
To obtain more data on the observed thioesterase activity of SENP1C, the thioester linkage in E2-SUMO complex was studied. In the SUMO-conjugation pathway, transfer of activated SUMO from E1 to E2 results in a thioester complex between E2 and SUMO. In Figure 2(b) , incubation of E1, E2 and SUMO in the presence of ATP induced the formation of a complex between E2 and SUMO ( Figure 2b , lanes 2 and 6 correspond to E2-SUMO-1 and E2-SUMO-3 respectively). The observed protein band was clearly due to the accumulation of thioester-bondlinked E2-SUMO and not sumoylated E2. Addition of a large quantity of SUMO substrate, such as TDG or E1 (Uba2 of E1 is a SUMO substrate), caused this protein band to disappear (results not shown). As judged from Figure 2 (b), lanes 3-7, SENP1C was also functional in cleaving the thioester linkage of the E2-SUMO complex.
Similar to the results of de-sumoylation and maturation assays shown in Figures 1 and 2, SENP1C C603S was found to be inactive in all hydrolysis reactions (Figure 1a, lanes 3 and 6; Figure 1b , lane 3; Figures 2a and b, lanes 4 and 8) . These results show that peptidase and thioesterase activities of SENP1C are catalysed by the same active-site cysteine residue with closely similar mechanisms. From lane 6 of Figure 2(b) , it was also found that the SUMO-3 dimer was formed, which is approx. 2 kDa smaller than the E2-SUMO-3 complex. Our results suggest that SENP1C has an ability to hydrolyse SUMO-2 and SUMO-3 polymers (Figure 2b,  lane 7) .
We have demonstrated previously that SENP1 regulates the availability of different mature SUMOs by distinct maturation efficiencies [12] . The present findings suggest that SUMO proteases regulate the sumoylation pathway, not only during maturation and de-conjugation, but also in E1 activation and E2 conjugation processes. Our observations are in line with the fact that metabolic pathways are usually regulated in the early stages, so that they allow for an immediate and energy-saving response.
Structure of the SENP1C C603S -SUMO-1 complex
To understand the molecular basis of catalytic mechanism of human SENP1 and its SUMOs specificities, we purified mutant SENP1C (residues 20-97). The SENP1C C603S -SUMO-1 complex was produced by pull-down affinity chromatography and further purified by gel filtration. The purified SENP1C C603S -SUMO-1 complex was crystallized and the structure determined at 2.8 Å resolution (Table 1) . Two complexes were present per asymmetric unit. The structure was solved by molecular replacement using SENP2-SUMO-1 [13] as a search model. Two copies of complexes present per asymmetric unit were refined by tight non-crystallographic symmetry restraints. The final model contained residues 439-644 of SENP1 and residues 20-97 of SUMO-1 with an R value of 24.8 % and an R free value of 27.8 % (Figure 3) . At the N-terminal of the SENP1C C603S , amino acids 427-438 have no discernible electron density and appear to be disordered. Both the structures of SENP1C C603S and mature SUMO-1 resemble those of SENP2 and SUMO-1, as described previously [13] , comprising analogous secondary structure elements (Figure 4) . From Figure 3 , the N-terminal subdomain of SENP1C consists of two β-strands (β1 and β2) and four α-helices (α1, α2, α5 and α6) while the C-terminal subdomain consists of a five stranded β-sheet (β3-β7) surrounded by two α-helices (α3 and α4) are located at the front of α5, the front of β5 and at the end of β6 respectively. For SUMO-1, it is composed of the same secondary-structure elements as shown in the SENP2-SUMO-1 complex. The extended C-terminal peptide terminated with the Gly-Gly motif binds to the catalytic pocket roofed by Trp 465 . Using the DALI (distance matrix alignment) server [24] to search the Protein Data Bank to identify proteins structurally related to SENP1C C603S -SUMO-1 complex revealed the highest structural similarity with SENP2-SUMO-1, with a rmsd (root mean square deviation) of 0.9 Å over 205 aligned residues for SENP1 and a rmsd of 0.9 Å over 78 aligned residues for SUMO-1. Superimposition of the two complexes on the basis of SENP1 position shows that segments that align well correspond to residues 60-70 and 89-97 of SUMO, which are involved in protease interaction (Figure 7a) . However, the SUMO core domain is relatively displaced from SENP2. Analysis of the intramolecular interaction of the two structures shows that the distribution patterns of salt bridges are very similar. There are 12 salt bridges in the structure of SENP1C Figure 5a . Electron density of residues 427-438 was not observed. Sequence numbering and secondary structure elements for SENP1 and SENP2 are shown above and below the alignment respectively. The Figure was produced using ESPript [27] .
Interaction of SENP1 and SUMO-1
Analysis of the interaction surface of the SENP1C C603S -SUMO-1 complex revealed that in addition to the six interacting motifs found in the SENP2-SUMO-1 and Ulp1-Smt3 complexes, four unique residues in SENP1 that hydrogen-bonded with SUMO were identified, namely SUMO-Glu 79 -Oδ · · · NH-SENP1-Arg 449 -NH · · · Oε-Asn 74 -SUMO, SENP1-Lys 455 -Nζ · · · Oδ-Glu 93 -SUMO, SENP1-Asn 494 -Nδ · · · O-Gly 68 -SUMO and SENP1-Lys 514 -Nζ · · · Oε-Glu 67 -SUMO ( Figure 5 ). These four residues in SENP1 are localized at the four corners of the interaction surface with the SUMO-1 core domain. Although Lys 514 is conserved in SENP2, the side chain of this amino acid points outward and forms a hydrogen bond with a water molecule instead of interacting with the SUMO molecule in the structure of SENP2. It is suggested that these extra unique hydrogen-bonded pairs found in the SENP1C C603S -SUMO-1 structure facilitate the binding of the SUMO-1 core domain.
The C-terminal extended peptide of SUMO-1 lies over the catalytic cleft through the hydrophobic tunnel formed by Trp 465 and Trp 534 as shown in the SENP2-SUMO-1 structure. By comparison with the SENP2 apo form and SENP2-SUMO-1 complex, it is interesting to note that although SENP1C C603S is inactive, the conformation of the Trp 465 , His 529 and Trp 534 residues resemble their equivalents in the SENP2-SUMO-1 complex (Figure 6 ). This implies that, consistent with SENP2, binding of SUMO to SENP1 triggers a local structural rearrangement of these residues. However, the imidazole ring of His 533 is in a conformation that resembles the apo form of SENP2.
SENP1 requires a self-conformational change before the cleavage reaction
In the in vitro assays, mutant SENP1 C603S has no activity in the hydrolysis reactions. As the cleavage reaction of cysteine and serine proteases have very similar mechanisms (the OH-group of serine is even stronger than the SH-group of cysteine for hydrolysis activity), we did not know why the C603S mutation was devoid of activity. It has been shown that SENP2 undergoes local structural rearrangements in response to SUMO is formed, which is positioned far away (4.11 Å) from the carbonyl-C of Gly 97 of SUMO-1 ( Figure 6 ). As the hydrogen bond of OH···N is stronger than that of SH···N, this may explain why His 533 cannot undergo a local rearrangement at the catalytic triad and therefore why the carbonyl-C of Gly 97 of SUMO-1 cannot be attacked.
In the structure of the SENP2-SUMO-1 complex, sodium borohydride was used to investigate the selective cleavage and reduction of the deacylation intermediate of the proteolytic reaction [13] . This indicates that the structural rearrangements of SENP2 facilitate either hydrolytic cleavage or release of SUMO. The structure of the SENP1C C603S -SUMO-1 complex only follows part of such a rearrangement, which is induced by SUMO interaction, strongly suggesting that the active-site cysteine residue and the histidine of the catalytic triad in SUMO proteases need a self-conformational change before the cleavage reaction.
Taken together, the observations of the proteolytic mechanism of SUMO-specific proteases can be delineated. SENP1 and SENP2 appear catalytically competent in their apo forms. Upon SUMO interaction, local conformational rearrangement of Trp 465 , His 529 and Trp 534 occurs, while Cys 603 separates from the catalytic triad to attack the carbonyl-C of Gly 97 of SUMO. After the cleavage event, SUMO is released from the complex and converted into its apo form ready for the next reaction cycle.
During the preparation of this manuscript, the structure of the human SENP1-SUMO-2 complex was published [25] . Structural comparison of the published SENP1-SUMO-2 with our own SENP1C C603S -SUMO-1 complex using the DALI server [24] revealed an rmsd of 0.6 Å over 205 aligned residues of SENP1 and an rmsd of 0.9 Å with 78 aligned residues of SUMO. Superimposition of the three available complex structures on the basis of protease structure (Figure 7a ) clearly demonstrates the displacement of SUMO-2 from the protease as reported, which is found to be the largest among the three superimposed structures. Shen et al. [25] have suggested the relationship between maturation efficiency and electrostatic interactions of SUMOspecific proteases with the C-terminal peptides of SUMO precursors. However, our observation is different from their results by comparison of the electrostatic distributions of the SENP1C C603S -SUMO-1 complex with the SENP2-SUMO-1 complex (Figures 7b and 7c ). The two structures do not show any strongly acidic or hydrophobic regions near the tunnel that would be complementary to the C-terminal peptides after the Gly-Gly cleavage site of SUMO. Instead, we observe a specific acidic binding groove generated from the backbone oxygen of Asn 599 in the SENP1C C603S -SUMO-1 complex. Together with the biochemical data, it is most likely that the correct positioning of the two amino acid residues after the Gly-Gly motif would facilitate the hydrolysis reaction. From Figure 7(b) , the highest substrate preference of SENP1 is to SUMO-1, which may be explained by the interaction of His 98 of SUMO-1 with the predicted binding groove. Nevertheless, we agree with Shen et al. [25] that Pro 94 of SUMO-3 would interfere with the binding to SENP1 and SENP2 due to the kink that the proline residue may introduce. In the present study, structural rearragement of C603S -SUMO-1 structure provides insights into the molecular basis of SUMO binding and proteolysis. More importantly, our study demonstrates a novel function of SENP1 in thioester cleavage of E1-SUMO and E2-SUMO, which suggests an alternative regulatory mechanism that effectively modulates the SUMO activation and conjugation processes. In conclusion, it is clear that from the structures of SENP1, SENP2 and yeast Ulp1 in complex with SUMOs that SUMO proteases share a common catalytic mechanism. However, how SENP1 interacts with E1-SUMO and E2-SUMO is yet to be elucidated although studies on the crystal structure of the thioester complex with SUMOspecific protease will resolve this. Finally, all the current structural analysis is limited to the catalytic domain, therefore investigation on how the non-conserved N-terminal domain participates in conjugated substrate specificity will be essential to unravel the de-sumoylation process.
